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Abstract 
East Grand Forks, Minnesota was developed on glacio-lacustrine clays. A levee 
system was installed surrounding the city to prevent widespread flooding from the Red 
and Red Lake Rivers. This design project investigates stabilization methods using the 
method of slices to support a failing levee system located behind the VFW Ice Arena. 
The U.S. Army Corps of Engineers believes failure at this location can be attributed to 
either a reduced soil strength from previous soil movement and settling, an increase in 
shear stress due to the addition of the embankment fill, or an increase in shear stress due 
to undrained loading retained in the soil. 
V 
Executive Summary 
This design investigates stabilization methods for a failing levee system using the 
method of slices. An assumed failure surface was drawn and divided into vertical slices, 
where the forces acting on each slice were analyzed. If the forces available to resist 
movement were greater than the forces driving movement, the slope was considered 
stable (Rahn 1996). A factor of safety was then calculated by dividing the forces 
resisting movement by the forces driving movement. A factor of safety of 0.987 was 
initially obtained, which meant failure at the toe of the embankment was occurring. With 
(L'NA) 
the addition of a 4 ft deep, light weight aggregate fill, a factor of safety of 2.139 was 
,..__ 
obtained. However, a preferred factor of safety of 3-4 is considered appropriate when the 
failure of the structure could cause widespread flooding (Das 2002). This can be 
achieved by either the addition of more L WA to strengthen the underlying clay, or 
through the addition of sheet piles or a retaining wall, neither of which were looked at for 
this specific design. 
It was also determined that further compaction of the fill material may be a 
solution to this problem, or the excavation of top sediments and replacement with L WA 
could be an alternative. The addition of L WA would lower the vertical and horizontal 
ANt:. Hh t 
forces on the embankment, but the excavation of soil, compaction,Amd addition of new 
fill may not be a cost effective choice. 
VI 
Introduction 
East Grand Forks, Minnesota was developed on glacio-lacustrine clays in the Red 
River Valley (Ameman 1963). A levee system was installed surrounding the city to 
1 
, 
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prevent widespread flooding from the Red and Red Lake Rivers (Mohamed 2002). This 
design investigates stabilization methods for a failing levee located behind the VFW Ice 
i-Jf l(? /5s;AI -- -.:-- ,£ :Jc;;,::_- : · ,, ·- ~· 1I! ' 1 ,·,;: , 
Arena (Figure 1 ). The method of slices was used to determine the slope stability. 
Driving and resisting moments were totaled for each component and the factor of safety 
was computed (Rahn 1996). 
Figure I Aerial photograph of the levee (provided by Google Earth 2007), 
Approach 
The stability of a levee is limited by the soil characteristics and stratigraphy that 
were presented in my design proposal. A design alternative for stabilization of this large 
levee will be proposed using the following approach: 
1. Review of area stratigraphy, 
2. Review of engineering characteristics, 
3. Construction of levee Cross Section, 
4. Description of design assumptions, 
5. Explanation of the method of slices, 
6. Determination of stabilization design, 
7. Estimation of construction cost per C. Y ., 
8. Conclusions, 
9. Recommendations. 
1. Stratigraphy 
East Grand Forks, Minnesota is located within the Red River Valley where the 
dominant sediments are glacio-lacustrine clays (Ameman 1963). A single core along an 
adjacent levee section was provided by the U.S. Army Corps of Engineers (Figure 2). 
The two uppermost stratigraphic units beneath the embankment are the alluvium deposits 
and the Sherack formation (Ameman 1963). Alluvium deposits are composed of fine silt 
and clay, with larger sand and gravel mix due to fluid deposition. The Sherack formation 
is composed of clay that was deposited during the Pleistocene. Surface drainage is noted 
as a problem within both of these units (Ameman 1963). 
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Figure 2. Construction drawing displaying the location of core 00-IOSM (provided by the USACE). 
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The core drawn at this location contained 8.3 feet of alluvium and 3.7 feet of the 
Sherack formation, for a total surveyed section of 12 feet (Figure 3). 
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Figure 3. Bore hole 00-IOSM (from the USACE Phase I boring logs) 
2. Engineering Characteristics 
The following engineering characteristics of soil determine the strength of the 
embankment (Das 2002): unit weight (y), cohesion (c), and angle of internal friction (<D). 
The characteristics for both the alluvium and Sherack units are provided in Table 1 
(USACE, 2000). 
Alluvium 
Sherack 
V 
(lb/ft3) 
122 
122 
C 
(lb/tt2) 
875 
875 
<P 
(deg) 
13 
13 
Table I. Engineering Characteristics (provided by the USACE, 1995). 
3. Levee Cross Section 
A cross section of the levee was produced by plotting elevation points obtained 
from the typical levee section construction drawing provided by the USACE. The side 
slopes are 3:1 with the exception of the upper five feet oflevee which has 2.5:1 slopes. 
The red line on the cross section marks the division between the upper alluvium deposits, 
above 825 feet, and the lower Sherack formation, below 825 feet (Figure 4). This section 
was used to perform each trial of the method of slices. 
4 
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Figure 4. A typical levee cross section (based on levee construction drawing provided by the USACE) 
4. Design Assumptions 
The stratigraphy of the levee, the engineering characteristics of the soil, and the 
levee cross section have been set and described in detail. Other assumptions for this 
design are as follows: 
a. Levee is constructed on a level surface, ignoring the preexisting ground surface 
that is present in Figure 4. This allows for simplification of the method of slices 
(Das 2002). 
b. Levee borrow material properties are the same as those of the alluvial deposits 
and Sherack Formation. USACE core 00-108M has a similar stratigraphy as the 
embankment area under study. 
c. Levee load is uniformly distributed. This allows for simplification of the method 
of slices (Das 2002). 
d. Effects of groundwater are negligible for this design (Rahn 1996). 
e. The minimum required factor of safety, a ratio between shear strength of a soil 
and the shear stress along a potential failure surface, is 2.0 (Rahn 1996). 
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5. Method of Slices 
The Method of Slices is commonly used to analyze the stability of a slope in two 
dimensions (Rahn 1996). An assumed failure surface is drawn and divided into vertical 
slices, where the forces acting on each slice can be analyzed. If the forces available to 
resist movement are greater than the forces driving movement, the slope is considered 
stable (Rahn 1996). A factor of safety can then be calculated by dividing the forces 
resisting movement by the forces driving movement. The following describes how to 
perform the method of slices: 
Step 1. Determine a circular section for analysis that will include the entire slip 
surface of the levee cross section (Appendix A). 
Step 2. Divide the circular section into slices (Appendix A). 
Step 3. Determine the width of each slice. 
Step 4. Determine the height of each slice at~e half the width (Appendix A). 
Step 5. Measure the lever arm, which is the horizontal distance from the vertical 
arm to the midpoint of each slice (Appendix A). 
Step 6. Calculate the driving force for each slice (Appendix B). 
F=y*V (Rahn, p.186) (eq. 5-1) 
Step 7. Calculate the driving moment for each slice, and compute the total driving 
moment (Appendix C). 
(Rahn , p.186) (eq. 5-2) 
Step 8. Measure the arc distance from AB to BC, which are points determined by 
boundaries between two sediment layers (Appendix A). 
Step 9. Measure the resisting moments lever arm, which will be the constant 
radius of the encompassing circle (Appendix A). 
6 
Step 10. Calculate the resisting moment for each slice, and compute the total 
resisting moment (Appendix D). 
M,=c*ad*L (Rahn, p.186) (eq. 5-3) 
Step 11. Calculate the factor of safety (Appendix E). 
(Rahn, p.186) (eq. 5-4) 
Three identical cross sections of the levee were used with varying circular 
sections to obtain three different factors of safety. The lowest value less than 1 would 
mark the location where failure is most likely to occur (Das 2002). Figure 8, in Appendix 
A, had the lowest factor of safety and displays failure at the toe of the embankment. 
Table 2 displays the calculated data for that same figure. 
Driving Moment 
Unit Specific Driving 
Thickness Width Height Weight Force Lever Moment 
Slice (ft) (ft) (ft) (lb/ft3) (lbi) Arm (ft) (lbf*f) 
1 1 19 28 122 64904 86 5581744 
2 1 19 38 122 88084 66 5813544 
3 1 19 40.5 122 93879 47.5 4459253 
4 1 19 37 122 85766 28.5 2444331 
5 1 19 29 122 67222 9.5 638609 
6 1 18.5 19 122 42883 -9 -385947 
7 1 18.5 13 122 29341 -26 -762866 
8 1 18.5 6 122 13542 -44.5 -602619 
Total 17186049 
Resisting Moment 
Unit Shear Arc 
Thickness Strength, Distance Lever 
(ft) Su (psf) (ft) Arm (ft) 
1 875 AB 55 96 
1 875 BC 147 96 
Total 
F.S. 
Table 2 Calculated factor of safety given the driving and resisting moments 
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6. Determination of stabilization design 
Lightweight aggregate fills can be used to stabilize the levee system in East Grand 
Forks, Minnesota. L WA fills are generally half the weight of common fills such as 
o-t' v k..c.;,,w..·1.:f ,k 
gravel, crushed stone, and natural soils (Holm -et-af-. 2001 ). They are used mainly in areas 
with soft soil, such as the study location, and can reduce vertical and lateral forces by 
more than half. The L WA has a general specific weight of 65 lb/ft3, which is nearly 50% 
less than the specific weight of the current alluvium and Sherack formation fill (Holm et 
al. 2001). 
Again, the method of slices was used to determine the most effective amount of 
L WA fill to use. Figure 6 shows the addition of 4 feet of lightweight fill over the original 
section that produced the lowest factor of safety. 
(. 
Figure 5. Circular section for analysis that includes addition of 4 ft of L WA 
After computation, using the addition of 1, 2, 4, and 6 feet of L WA a maximum 
increase in factor of safety from 0. 987 to 2.139 was observed due to the addition of 4 feet 
ofLWA. 
Driving Moment 
Unit Specific Driving 
Thickness Width Height Weight Force Lever Moment 
Slice (ft) (ft) (ft) (lb/ft3) (lb1) Arm (ft) (lbf*f) 
1 1 16 15 122 29280 88 2576640 
2 1 16 19.5 122 38064 72 2740608 
3 1 16 20.5 122 40016 56 2240896 
4 1 16 20.5 122 40016 40 1600640 
5 1 16 15.5 122 30256 24 726144 
6 1 16 14.5 122 28304 9 254736 
7 1 15.5 9.5 65 9571.25 -7 66998.8 
8 1 15.5 11 65 11082.5 -23 -254898 
9 1 15.5 8 65 8060 -38.5 -310310 
10 1 15.5 2.75 65 2770.625 -54 -149614 
Total 9357844 
Resisting Moment 
Unit Shear Arc Resisting 
Thickness Strength, Distance Lever Moment 
(ft) Su (psf) (ft) Arm (ft) (lbf*f) 
1 875 AB 48 98 4116000 
1 875 BC 102 98 8746500 
1 960 CD 76 98 7150080 
Total 200 80 
F.S. 
Table 3 Calculated factor of safety given the driving and resisting moments for addition of 4 ft LW A 
7. Estimation of construction cost per C.Y. 
To estimate the total construction cost of this project, the area oflightweight fill 
needed was calculated. 
;• ., ~ ... :' .. ~ 
• • • I HI I ..... 
---
.: ·~ --·!: .. - .. ... _ 
... 
Figure(. Section oflevee chosen, based on slump area, to stabilize (USACE) 
l 
The length, width, height, and total area of fill were then calculated and are 
presented in Table 3. 
L1evee (ft) 
212.2 
H,111 (ft) 
4 
W,111 (ft) 
62 
Volumenu 
(ft3) 
52625.6 
Volume 
(yd3) 
1949.096294 
Table 4 Calculated length, height, width, and total area of fill needed for stabilization 
Assuming a cost of $30.00 C.Y. (Personal conversation, Virginia Regorrah, 
November, 2006) the total cost for the lightweight fill based on the calculated area is 
$58,472.89. (It is important to note this estimate does not include costs associated with 
levee construction such as compaction or other modifications. They are unknown at this 
time.) This total estimate is then multiplied by a location factor of 0.842 that has been 
established for East Grand Forks, Minnesota for a total project cost estimate of 
$49,234.20, $25.26 per C.Y. (RS Means, 1997). 
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8. Conclusions 
The method of slices proved to be effective for analyzing slope stability (Das 
2002). The glacio-lacustrine sediments found in this area provide a weak construction 
foundation, however the use of lightweight fill can add support to the failing levee 
system. The goal to achieve a factor of safety value of 2 was attained by using 4 ft of 
L WA to cover an area of 13,156.4 tt2. 
9. Recommendations 
The current level of safety for the levee is 0.987. By adding LWA to the toe of 
the embankment (Figure 5) the factor of safety can be increased to 2.139. This is within 
the safety guidelines for an embankment of this size (Das 2002). A preferred factor of 
safety of 3-4 is considered appropriate however when the failure of the structure could 
cause widespread flooding (Das 2002). This can be achieved by either the addition of 
more L WA to strengthen the underlying clay, or through the addition of sheet piles or a 
retaining wall, neither of which were looked at for this specific design. 
Strata contacts, between the alluvium and Sherack formation, also pose a zone of 
weakness (Rahn 1996). Further compaction of the fill material may be a solution to this 
problem, or the excavation of top sediments and replacement with L WA could be an 
alternative. The addition of L WA would lower the vertical and horizontal forces on the 
embankment, but the excavation of soil, compaction, and addition of new fill may not be 
a cost effective choice. 
11 
Before proceeding with any design option, more bore holes need to be drilled in 
order to fully understand what is happening at the strata contacts, and to determine if 
there is any variability within the embankment. Also, a more detailed survey of the 
method of slices should be used before a final L WA is chosen. 
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Appendix A 
Circular section and individual slices for analysis 
' i 
\ 
\ 
\ 
"( ____ , 
. 1 
---
Figure/· Circular section for analysis that includes the entire slip surface of the levee cross section 
• Circular section was divided into 8 slices 
• The width of a slice is highlighted in slice 2 
• The height of a slice is highlighted in slice 3 
• The lever arm distance for slice 1 is shown as 86 ft. 
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Appendix B 
Driving Force 
• Equation 5-1 
F=y*V 
o F = Force, lbr 
o y = Specific weight, lb/ft3 
o V = Volume, ft3 
o w = Slice width, ft 
o h = Slice height, ft 
o t = Unit thickness, 1 ft 
I) 
r 
' Sample calculation for Figure .8, slice 1 
F = 122 lb/ft3 * 19 ft * 28 ft * 1 ft 
= 64,904 lbr 
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Appendix C 
Driving Moment 
• Equation 5-2 
M" = F* L 
o Md = Driving moment, lbr*f 
o F = Force, lbr 
o L = Lever arm, ft 
Sample calculation for Figure 8, slice I 
Md = 64904 lbr * 86 ft 
= 5,581,744 lbr*f 
15 
Appendix D 
Resisting Moment 
• Equation 5-3 
M,=c*ad*L*t 
o Mr= Resisting moment, lbr*f 
o c = Shear strength/cohesion, psf 
o cld = Arc distance, ft 
o L = Lever arm, ft 
o t = Unit thickness, 1 ft 
Sample calculation for Figure 8, slice 1 
Mr= 875 psf * 55 ft* 96 ft* 1 ft 
= 4,620,000 lbf*f 
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Appendix E 
Factor of Safety 
• Equation 5-4 
o F.S. = Factor of safety 
o Mr = Resisting moment, lbr*f 
o Md= Driving moment, lbr*f 
Sample calculation for Figure 8 
F.S. = 16,968,000 
17,186,049 
= 0.987312 
17 
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